Yield reduction of maize in relation to naturally established populations of Echinochloa crus-galli and Chenopodium album was studied in field experiments over 2 years in which the maize was grown at a wide range of weed densities. Both the crop and the weeds were harvested at intervals during the season. The competitive relations were described accurately by a model based on a hyperbolic relation between yield and plant density. The model can be linearised by considering the reciprocals of the average weight per plant. However, estimating the regression coefficients by linear regression introduced a severe bias due to heterogeneity of variances. Estimation was improved by applying non-linear regression, using a logarithmic transform of the yield equation. Fitted regressions were used to interpolate the yield data to standard weed densities. At a density of 100 Echinochloa plants m-2 , maize yields were reduced by 8 OJo and 82% in 1982 and 1983, respectively, illustrating the problems in generalising the results of one competition experiment to the other. Three possible fields of application of the competition model are discussed, i.e. adjustment of experimental plot yield for variation in weed population, prediction of expected crop yield losses, and prediction of long-term changes in weed seed populations.
Introduction 541
The main component of crop yield loss due to weeds is competition with the weeds for limiting resources. Analysis of crop-weed competition experiments and assessment of the effects of weed infestations on crop yield require quantitative models. There is extensive literature on quantitative analyses of plant competition, mainly directed towards a description of the effects at a single time using an empirical regression equation. Frequently an equation has been used which is based on a hyperbolic relationship between the yield and plant density of a species in monoculture (de Wit, 1960; Ogawa, 1960 , cited by Suehiro & Ogawa, 1980 Wright, 1981; Spitters, 1983a) . More detailed expressions for the yield-density relationship have also led to more complicated equations for inter-specific competition (Watkinson, 1981 (Watkinson, , 1984 Spitters, 1983b) . There have been several applications of these regression equations to the description of competition between crop and weeds: e.g. Rerkasem (1978) , Elberse & de Kruyf (1979) , Spitters & van den Bergh (1982) , Hakansson (1983) Putwain (1984) , and Cousens (1985) . The simple hyperbolic equation appears to give a good description for most situations. In this paper this simple form will therefore be applied.
The aim of the present paper is to analyse the response of maize yield to population density of the weed Echinochloa crus-galli (L.) P .B. (barnyard grass). Maize was grown at a wide range of plant densities of Echinochloa in the field and both crop and weed were harvested at several time intervals to study the seasonal course of the competitive relations. A second aim was to evaluate the use of the hyperbolic equation for the analysis of crop-weed interactions. The equation is therefore simplified to describe the situation where the crop is grown at constant density and special attention is paid to the statistical aspects of the estimation of the competition coefficients.
Description of the model
The hyperbolic yield-density equation and its extension to account for the presence of other, competing species will be briefly discussed, following the parameterisation used by Spitters (1983a) . Thereafter, a simplified formula is derived for situations in which crop yield is considered at constant crop density but at varying weed densities.
Intra-specific competition
Competition between plants of the same species is characterised by the response of yield to plant density, which can often be described by a rectangular hyperbola (e.g. Holliday, 1960) : (1) where Y is the yield in g m- Thus 1/bo is the extrapolated apparent weight of an isolated plant. The slope be (m 2 g-1 ) measures how 1/W increases, and thus how the per-plant weight W decreases with any plant added to the population. The ratio b/bo expresses this increase relative to its value without competition so that it is a measure of intra-specific competition. The quantity 1/be is the asymptote of the relation between Y and N (eqn 1), and hence measures the apparent maximum yield per unit area (g m-2 ).
Inter-specific competition
As 1/W is affected additively by adding plants of the same species (eqn 2), it can be assumed that adding plants of another species also affects 1/W additively. Hence, the reciprocal perplant weight of the crop in mixture with weeds can be expressed in the multiple linear regression form: (3a) or (3b) in which bewNw = bciN 1 + ... + benNn for the weed species 1, ... n. The first subscript of the regression coefficients denotes the species for which yield is considered, while the second subscript points to the associated species (c and w refer to crop and weed, respectively). The coefficient bee measures the effect of intra-specific competition within the crop, whereas bew quantifies the effect of inter-specific competition of the weed on the crop. Adding one plant of the crop has an equal effect on 1/We as adding bc/bcw weed plants. Thus the ratio bc/bcw measures the relative competitive ability of the crop with respect to the weed.
In general, the crop is grown at constant plant density. This simplifies equation (3a) for the reciprocal per-plant weight of the crop (1/Wc) to: (4) where a 0 = bco + bccNc. Expressing the yield of the weedy crop per unit area as a proportion of its yield without weeds gives:
The relative competitive ability of the weed with respect to the crop is measured by b\'/ a 0 , which characterises the fractional yield loss caused by the first weed plant added to the crop population. This can be shown by taking the derivative to Nw of equation (5), which approaches -bw/ao when Nw approaches zero (initial slope of equation (5)). The yield loss caused by each additional weed plant diminishes with increasing number of weed plants, owing to an increased intra-specific competition of the weeds. This is reflected by the asymptotic shape of the curve (Fig. 1a) .
A slightly different hyperbolic equation for crop yield loss from weeds was presented by Cousens, Peters & Marshall (1984) . They introduced an additional parameter to set the asymptote of the curve relating crop yield to weed density at a value unequal to zero.
The hyperbolic density response of equation (1) holds especially for total biomass yield. Within the plant density ranges usually considered, it also holds for the seed yield of many species. For some species, however, the relationship between seed yield and density shows a more parabolic shape (Holliday, 1960) . Watkinson (1981) , Spitters (1983b) and Firbank 1200 (a) . . Watkinson (1985) presented parabolic extensions of the competition model by introducing one or more additional parameters. In many situations, however, the hyperbolic equation (3) is sufficient and the introduction of additional parameters is redundant and may result in imprecise estimates of the individual parameters due to over-parameterisation.
Estimation of competition coefficients
The competition coefficients can be estimated from the linearised form for 1/W (eqn 3a) by linear regression. However, when plant weights (W) are distributed normally, the reciprocals (1/W) show a skewed distribution and their variances increase with an increase in plant density (Fig. 1b) . This heterogeneity of variances biases the estimation of the regression coefficients. Moreover, in competition studies, one has often to deal with a wide yield range and from general experience the standard deviation of plant weight ( aw) tends to be proportional to the mean (f..Lw) rather than constant, and thus it can be shown also that a uw tends to change proportionally to f..Luw·
To account for heterogeneity of variances, a weighted regression could be applied, with the reciprocals of the variances used as weights (e.g. Steel & Torrie, 1960, p. 180) . This technique was applied in a modified form by Spitters (1984) to estimate the competition coefficients from eqn 3a. However, with present-day statistical packages, it is easier to estimate the competition coefficients directly from eqn 3b by non-linear regression. Heterogeneity of variances must be taken into account. The above-mentioned proportionality between standard deviation and mean implies that yields are distributed log-normally. The regression coefficients are therefore estimated by using non-linear regression to fit the logarithm of yield to the logarithm of the right-hand side of eqn 3b.
Experimental design Maize cv.
LG 11 was grown with and without a natural vegetation of weeds on a sandy soil at W ageningen in 1983. Plots were harvested at intervals to determine the time courses of dry matter production of maize and the weed species. Maize was grown at a spacing of 0.30 m between and within the rows. The naturally established weed vegetation was dominated by Echinoch!oa crus-galli (L.) P .B. and to a lesser extent by Chenopodium album (L.). The populations of these two species were maintained in the weedy plots, but other weeds were removed by hand. In the weed-free plots, all weeds were regularly removed by hand.
A split plot design with 4 blocks was used with 3 main plots (weed-free maize, maize with weeds, weeds without maize) and the harvest dates randomised as plots within the main plots. At the final harvest, however, 28 weed-free maize plots, 20 weedy maize plots, and 4 weed plots were harvested in order to test the statistical reliability of the model with a greater sample.
Plots were 2 m x 2 m in size of which the central part of 0.9 m x 0.9 m was harvested.
Dates of 500Jo plant emergence were 5 June for maize, 3 June for Echinochloa and 4 June for Chenopodium. Final harvest was on 20 September 1983. To illustrate the variation between years, results are presented of a similar experiment carried out in 1982 at the same site, but with three, fixed weed populations (100, 200 Plant densities of the weed species were characterised by their initial numbers, counted 3 weeks after emergence. Plant mortality after this date was very small. The non-linear regressions were carried out with the statistical package Genstat (Payne et a!., 1987) .
Results

Competition effects at final harvest
The regression approach was first applied to the 1983 yields of the final harvest to validate the model for an extensive data set. Most of the variation in biomass of maize and Echinochloa was accounted for by the number of Echinochloa plants. Chenopodium, of which the growth was severely depressed, was not responsible for significant variation in maize and Echinochloa biomass which could not be accounted for by Echinochloa alone. Therefore, only Echinochloa is considered further. The same conclusion could be drawn from any of the three methods of fitting the model; Table 1 shows the results for the log-transformed model. Ordinary (unweighted) linear regression of 1/W m on the weed density Ne was inferior to the non-linear regressions: the model fitted less well (r 2 in Table 2 ) and the residuals -being the differences between observed and expected values -showed a more heterogeneous distribution. Moreover, the linear regression resulted in a biased and inaccurate estimate of the intercept a 0 • The estimated weed-free maize yields were 844 g m-2 from the observed mean value and 808 g m-2 from the value estimated as N/ao according to the linear regression. The 950Jo confidence intervals of these values were 802-887 g m-2 and 520-1850 g m-2 , respectively. In applying non-linear regression, use of the log-transformed equation, assuming a normal distribution of the residuals of the log-transformed yields, was compared with use of the untransformed equation, assuming a normal distribution of the residuals of the untransformed yields per unit ground area. Use of the log-transformed equation was superior: the residuals were distributed more homogeneously and the method accounted for slightly larger proportion of the variation. Log-transformation resulted in a less precise estimate of a
-
the parameter related to weed-free crop yield -but gave a more precise estimate of bw -the parameter related to crop yield loss (Table 2) . Consequently, only results from fitting the log-transformed equation are discussed further. Slopes deviating significantly from zero at: * 0.01 < P < 0.05, ** P < 0.01 The effect of Echinochloa density on biomass yield of maize and Echinochloa is depicted in Figs 1 and 2 . The linear trends in Figs 1 b and 2 give support to the assumption that adding plants of the same species and of other species has an additive effect on the reciprocal of the per-plant weight, even at high densities.
In the experiment carried out in 1982, the competitive relations were completely different. At a density of 100 Echinochloa plants m-2 , maize yield was reduced by 820Jo in 1983 (Fig.  1a) , but by only 8% in 1982. This was also reflected in the competition coefficients (eqn 5): ao = 13.2 plant kg-1 and bw = 0.58 m 2 kg-1 in 1983, and a 0 = 8.5 plant kg-1 and bw = 0.0074 m 2 kg-1 in 1982. The large difference between both years was due to the phenomenon that in 1983, in contrast to 1982, maize was unable to overtop Echinochloa in the mixture. This was likely caused by a later emergence of maize relative to Echinochloa in combination with a very dry growing season (further discussion by Spitters, 1984, and Kropff, Vossen & Spitters 1984) . These results illustrate very clearly the problems in generalising the results of one competition experiment to another and the size of variation that may be expected between years.
Time course of the competition effects
For each of the harvest dates, equation (4) was fitted to the data. There was no harvest where the inclusion of Chenopodium in the calculations improved the regression significantly, so again only Echinochloa was considered further.
The relative competitive effect of Echinochloa with respect to maize is characterised by the ration b/ao (subscript e refers to Echinochloa. This ratio followed a more or less Sshaped curve with time (Fig. 3) . Early in the growing season when inter-plant competition is still negligible, the value of the ratio b/ao is very small. The competition effects increase 
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with time. The terminal data point is the most precise one, as it was based on 20 weed plots, while the other points were derived from four weed plots each.
The approach presented enables adjustment of the yield of the species for the heterogeneity in weed density among the plots. For any harvest, the yields of maize and Echinochloa were interpolated to a density of 100 Echinochloa plants m-2 by means of equation (4) on the basis of the fitted regressions. The time course of the dry weights (Fig. 4) illustrates the strong reduction of maize growth from the competition with Echinochloa.
Discussion
Model and parameter estimation. It has frequently been shown that a model based on the hyperbolic yield-density equation gives in many situations a good description of the competitive interactions between species in mixed vegetation. In this paper, it is demonstrated that such a model can also be useful in describing the seasonal course of crop growth reduction due to a naturally established weed population.
It is shown that in estimating the competition coefficients, special attention has to be paid 
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to the statistical requirement of homogeneity of variances. The model can be linearised by considering the reciprocal of yield and the coefficients can then be estimated by simple linear regression, but that introduces a large bias in the estimates -especially in those of aodue to the heterogeneity of variances. Non-linear regression, using log-transformed data of yield per unit ground area, performed better. Three possible fields of application of the competition model in weed research and control can be envisaged:
(1) Prediction of expected crop yield loss from weeds. Decision support models for weed control require an assessment of crop yield loss from weeds. Usually the assessment is tuned to a monitoring of the weed infestation early in the growing season in terms of the numbers of plants of the various weed species. Equation (5) can be used in forecasting the yield loss. Multi-species infestations are included by expanding the equation additively according to Nwbw/ao = N 1 b/ao + ... + Nmbm/ao for the weed species 1 tom. The 'damage coefficient' b/ao, i.e. the apparent initial yield reduction, has to be known for each weed species i and can be determined in separate competition experiments. Equation 5 is then considered as a new model with the damage coefficient and the weed-free crop yield as parameters to be estimated.
The magnitude of b/ao may vary strongly between years as was illustrated for the two field experiments with Echinochloa in maize. A large part of the variation in b/ ao is probably explained by the variation in relative times of emergence of crop and weed. Instead of incorporating these times of emergence as an additional variable in equation (5), it is more convenient to characterise crop and weeds by their relative leaf area or soil coverage as recorded in the field early in the season. In equation (5), Nw is replaced by the ratio of the leaf areas of weed and crop (Lw/Lc) to forecast crop yield loss.
(2) Prediction of the changes in weed seed populations. Forecasting long-term changes in weed populations draws upon models in which the dynamics of soil seed populations of the weeds are simulated over years. The effect of weed density on weed seed production may be taken into account by means of equation (5), which supplies an estimate of the biomass yields of the various weed species in relation to their plant density and competitive ability. Multiplication by the number of seeds produced per gram of biomass, which is rather constant for a species, gives the seed production of the species in that particular vegetation. In addition, equation (5) gives also an estimate of the concomitant crop yield loss (Spitters & Aerts, 1983; Firbank et al., 1984; Spitters, 1989) . (3) Adjusting plot yields for the heterogeneity in weed population. Interpretation of the results from field experiments with naturally established weed populations is complicated by the heterogeneity in weed densities among the plots. Often it is assumed that replication of density is achieved and differences in estimated density are assumed to be due only to sampling error. In reality, plant densities usually vary greatly between plots, even in experiments where weeds are sown at specific seed rates. Thinning the weeds to constant plant densities is impractical. In this paper, it was shown that equation (3) can be used to interpolate plot yields to standard weed densities.
